We present results of the first dynamical stream fits to the recently discovered Tucana III stream. These fits assume a fixed Milky Way potential and give proper motion predictions, which can be tested with the upcoming Gaia Data Release 2. These fits reveal that Tucana III is on an eccentric orbit around the Milky Way and, more interestingly, that Tucana III passed within 15 kpc of the Large Magellanic Cloud (LMC) approximately 75 Myr ago. Given this close passage, we fit the Tucana III stream in the combined presence of the Milky Way and the LMC. We find that the predicted proper motions depend on the assumed mass of the LMC and that the LMC can induce a substantial proper motion perpendicular to the stream track. A detection of this misalignment will directly probe the extent of the LMC's influence on our Galaxy, and has implications for nearly all methods which attempt to constraint the Milky Way potential. Such a measurement will be possible with the upcoming Gaia DR2, allowing for a measurement of the LMC's mass.
INTRODUCTION
One of the unshakeable predictions of hierarchical structure formation in Lambda Cold Dark Matter (ΛCDM) is that dark matter haloes are triaxial (e.g. Bardeen et al. 1986; Frenk et al. 1988; Dubinski & Carlberg 1991; Warren et al. 1992; Jing & Suto 2002; Allgood et al. 2006) . Accounting for the dissipation of baryons alters the shapes of haloes, making them more spherical but still significantly flattened and usually triaxial (e.g. Dubinski 1994 ; Kazantzidis et al. 2004; Debattista et al. 2008; Duffy et al. 2010) . The detection and characterization of this triaxiality would represent a stunning confirmation of ΛCDM and has been the focus of many studies over a wide range of halo mass scales (e.g. Oguri et al. 2005; Corless, King & Clowe 2009; Evans & Bridle 2009; Law & Majewski 2010) . The unmatched 6D phase space informad.erkal@surrey.ac.uk tion available around the Milky Way makes it an unprecedented environment for testing halo triaxiality at galaxy scales.
Morphological and dynamical fitting of streams has long been heralded as one of the leading tools to map out the Milky Way halo (e.g. Lynden-Bell 1982; Kuhn 1993; Grillmair 1998; Zhao 1998; Johnston et al. 1999) . Over the years, this has been attempted with a variety of techniques: comparisons with analytical predictions (Ibata et al. 2001; Erkal, Sanders & Belokurov 2016) , comparisons with N-body simulations (Helmi 2004; Johnston, Law & Majewski 2005; Law & Majewski 2010) , orbit fitting (Koposov, Rix & Hogg 2010; Hendel et al. 2017) , Lagrange point stripping methods (Gibbons, Belokurov & Evans 2014; Bowden, Belokurov & Evans 2015; Küpper et al. 2015) , and angle action fits (Bovy et al. 2016) . While most of these works found results consistent with a spherical halo, Law & Majewski (2010) found that a substantially flattened halo was needed to explain the Sagittarius stream (Ibata et al. 2001 ). However, all of these works have assumed that the Milky Way is a static potential with no perturbations.
Several lines of reasoning suggest that the LMC has a substantial mass of ∼ 10 11 M . With a stellar mass of 2.7 × 10 9 M (van der Marel 2006), abundance matching gives a peak mass of 2 × 10 11 M (Moster, Naab & White 2013; Behroozi, Wechsler & Conroy 2013) . Proper motion measurements suggest that the LMC and SMC are on their first passage about the Milky Way Besla et al. 2007) , implying that the current mass is close to the peak mass since the LMC only started being disrupted recently. Note that cosmological simulations also suggest that if the LMC is massive, it is likely on its first approach (e.g. Patel, Besla & Sohn 2017) . Requiring that the SMC is bound to the LMC gives LMC mass on the order of 10 11 M (Kallivayalil et al. 2013) . Furthermore, the plethora of dwarf galaxies and star clusters found near the LMC (e.g. Koposov et al. 2015; Bechtol et al. 2015; Drlica-Wagner et al. 2015; Luque et al. 2016) suggest that the LMC has a mass of ∼ 10 11 M (Jethwa, Erkal & Belokurov 2016) . Finally, a combination of the timing argument of the Milky Way and M31, as well as the nearby Hubble flow, gives an LMC mass of ∼ 2.5 × 10 11 M (Peñarrubia et al. 2016) . Despite these suggestions of a massive LMC, the only direct mass measurements have been performed in the inner part of the LMC using the dynamics of LMC clusters (2 × 10 10 M within 8.9 kpc, Schommer et al. 1992 ) and the rotation curve of the LMC (1.7 × 10 10 M within 8.7 kpc, van der Marel & Kallivayalil 2014).
Since the Milky Way mass within the distance to the LMC (∼ 50 kpc) is ∼ 4×10 11 M (Deason et al. 2012) , i.e. on the order of the LMC mass itself, it is natural to ask what effect the LMC has had on streams around the Milky Way. Indeed, this possibility was considered in Law & Majewski (2010) which used the Sagittarius stream to constrain the potential of the Milky Way halo. They found that the effect of a relatively light LMC, M LMC < 6×10 10 M , which was unrealistically fixed to its current position, could have a significant effect on the stream. Accounting for the LMC's orbit, Vera-Ciro & Helmi (2013) found that a 8 × 10 10 M LMC can substantially alter the Sagittarius stream and can potentially allow for a very different Milky Way halo than that found in Law & Majewski (2010) . More recently, Gómez et al. (2015) found that a 1.8×10 11 M LMC would induce a substantial reflex motion in the Milky Way which would alter the shape of the Sagittarius stream. It has also been argued that the LMC may be responsible for the warp seen in the Milky Way's HI disk (Weinberg & Blitz 2006) and stellar disk (Laporte et al. 2018 ).
While almost all of the streams studied in the works mentioned above have been in northern Galactic hemisphere, far from the LMC, it is critical to study streams in the south which may have received a significantly larger perturbation from the LMC. Here we consider the Tucana III (Tuc III) stream which was discovered in the second year of the Dark Energy Survey (DES, Drlica-Wagner et al. 2015) , with a refined measurement made using DES Year 3 data (Shipp et al. 2018) . It is situated at a heliocentric distance of 25 kpc with a length of ∼ 5
• (corresponding to a physical length of ∼8.4 kpc accounting for projection effects), and is currently ∼ 32 kpc from the LMC. It joins Pal 5 (Odenkirchen et al. 2003) , NGC 5466 (Belokurov et al. 2006; Grillmair & Johnson 2006) , and possibly the Orphan stream (Belokurov et al. 2007; Grillmair et al. 2015) as the only long, thin streams with known progenitors around the Milky Way. The presence of the Tuc III progenitor makes the stream an ideal candidate for fitting since if the progenitor is not present, its location and velocity must be marginalized over (e.g. Bowden, Belokurov & Evans 2015) .
With Gaia Data Release 2 (Gaia DR2) about to give a wealth of exquisite proper motions, parallaxes, and radial velocities for Milky Way stars 1 , it is critical to understand whether the LMC is indeed exerting a large perturbation on the Milky Way since this will likely affect most methods of inferring the Milky Way potential. In this paper we argue that the Tuc III stream is one such canary in the coal mine. Crucially, we predict that the Tuc III stream has passed within ∼ 15 kpc of the LMC and that the proper motion of Tuc III depends sensitively on the mass of the LMC. The main effect of the LMC is to induce proper motions perpendicular to the projection of the Tuc III stream on the sky. Thus, if the LMC has had a large effect on the Tuc III stream, the critical signal to look for in Gaia DR2 is how well aligned is the stream track of Tuc III with its proper motions. This paper is organized as follows. In Section 2 we summarize the existing data on the Tuc III stream. In Section 3 we describe the stream fitting method and present fits of the Tuc III stream in the Milky Way potential. Next, in Section 4 we present dynamical fits of the Tuc III stream in the combined potential of the Milky Way and the LMC and show how the predicted proper motion of Tuc III depends on the mass of the LMC. In Section 5 we show that Gaia DR2 is expected to have sufficient accuracy to detect the effect of the LMC, discuss the limitations of our analysis, and argue that a similar effect should be present in other streams around the Milky Way. Finally, we conclude in Section 6.
DATA ON TUC III
In this section we present measurements of the Tuc III stream necessary for the stream fit. While most of these measurements are taken from the literature, we present a new measurement of the stream track which will be used when fitting the stream. Shipp et al. (2018) report the end points of the Tuc III stream and give the pole corresponding to a great circle fit through these end points. We use this pole to define our stream plane (Λ, B), and perform a final rotation so that the progenitor is at the origin. The transformation between (α, δ) and (Λ, B) is given in the appendix of Li et al. in prep. In order to fit the stream we must measure the location of the centroid along the stream (i.e. the stream track). In order to do this, we adopt the following model. We consider six 0.5 degree wide bins in Λ spanning the range of Λ from -1.65
Stream coordinates and track
• to -0.15 • and 0.15
• to 1.65
• (thus avoiding the stream progenitor). We only consider data very near the stream, |B| < 1
• . In each bin, labeled by k, we assume that the density of background stars along B is described by a bilinear model, 1 + aΛ k + bB + cΛ k B, where Λ k is the center of the bin in Λ and a, b, c are fitted constants common for all the bins. The distribution of stream stars across B is described by a Gaussian, I k exp(−0.5(B − B k ) 2 /w 2 ), where B k , I k are the stream track in B and the stream brightness in a given bin of Λ, respectively, and w is the global stream width. The resulting posteriori distribution is sampled using a standard ensemble sampler with the following priors, B k ∼ N(0, 0.5), log(w) ∼ U(−∞, log(0.2)) and an improper uniform prior on the stream surface brightness, log I k ∼ U(−∞, ∞). As in Shipp et al. (2018) , we select stars using an isochrone from Dotter et al. (2008) with a metallicity of Z = 0.0001 and an age of 13.5 Gyr. We select all stars within 0.2 in g − r of the isochrone with magnitudes in the range 19 < g < 23. The resulting stream track is given in Table 1 and is well aligned with the stream coordinates. Interestingly, there is no significant offset between the tails on either side of the progenitor, unlike what is seen in the Palomar 5 stream (e.g. Odenkirchen et al. 2003) .
Distance and distance gradient
The distance to Tuc III was measured in Drlica-Wagner et al. (2015) with a distance modulus of 17.01±0.16. We conservatively take the distance to be 25 ± 2 kpc. The distance gradient with respect to the angle along the stream, i.e.
, was measured by Shipp et al. (2018) with a value of −0.14 ± 0.05 mag/deg. Simon et al. (2017) have measured a radial velocity of −102.3 ± 0.4 km s −1 for the Tuc III progenitor. Li et al. in prep have measured the radial velocities of the Tuc III progenitor and stars along the stream. We choose to only use the results of Li et al. in prep to be more self-consistent since they simultaneously fit the systemic radial velocity and its gradient. In particular, we take the progenitor velocity to be −101.2 ± 0.5 km s −1 and the radial velocity gradient to be −8.0 ± 0.4 km s −1 deg −1 .
Radial velocity

FITTING TUC III
Given the data at hand, namely the stream track on the sky, the run of radial velocities along the stream (Li et al. in prep) , and the distance gradient along the stream, we can now proceed to fit the stream. Since the Tuc III stream is quite short, we do not currently use it to constrain the potential of the Milky Way. Instead, we fix the Milky Way potential and determine what proper motions, radial velocity, and distance are needed in order to produce the observed stream.
Stream generation technique
In order to perform these fits rapidly, we use the modified Lagrange Cloud stripping (mLCS) technique developed in Gibbons, Belokurov & Evans (2014) . This technique can rapidly generate tidal streams by ejecting stream particles from the Lagrange points of a particle representing the progenitor. In this technique, Tuc III is modelled as a Plummer sphere with a mass of 2 × 10 4 M which generates streams with widths similar to Tuc III. We note that while Shipp et al. (2018) estimated a progenitor mass of 8 × 10 4 M using the method of Erkal, Sanders & Belokurov (2016) , which relates the stream width to the progenitor mass, that method was derived for streams on near circular orbits and has not been tested on extremely radial orbits. Furthermore, we note that this mass estimation comes with a large uncertainty since the stream width will vary along the stream in a flattened potential (see Erkal, Sanders & Belokurov 2016 , for details). However, since the properties of a stream scale as m 1/3 , where m is the progenitor mass (Sanders & Binney 2013) , this should not have a large effect on the stream track and radial velocity profile (we have also checked that the results are not very sensitive to the mass). We also assume a scale radius of 10 pc (although we have checked that the method is largely insensitive to this radius over a realistic range of scale radii). For each set of proper motions, radial velocity, and distance, the progenitor is initialized at the present, rewound for 3 Gyr, and then evolved to the present while disrupting.
For the Milky Way potential, we choose MWPotential2014 from Bovy (2015) , which satisfies a number of observational constraints. This potential consists of three components: a MiyamotoNagai disk (Miyamoto & Nagai 1975 ), a power-law bulge with an exponential cutoff, and an NFW halo (Navarro, Frenk & White 1997) . The Miyamoto-Nagai disk has a mass of 6.8 × 10 10 M , a scale radius of 3 kpc, and a scale height of 280 pc. We replace the bulge with an equal mass Hernquist bulge (Hernquist 1990 ) with a mass of 5 × 10 9 M and a scale radius of 500 pc for ease in computation. The NFW halo has a virial mass of 8 × 10 11 M , a scale radius of 16 kpc, and a concentration of 15.3. For the Sun's motion relative to the local circular velocity we use an offset of (U , V , W ) = (−11.1, 24, 7.3) km s −1 from Schönrich, Binney & Dehnen (2010) and Bovy et al. (2012) . We assume that the Sun is located at a distance of 8.3 kpc from the Galactic center.
In order to make the disruption more physically motivated, we only allow the progenitor to strip stars near pericenter. This is done by recording the pericentric passages when rewinding the orbit and then injecting stream particles at times drawn from a Gaussian (with a constant spread of 0.1 Gyr) about each pericentric passage. Note that we have also tried a spread corresponding to 5% of of the progenitor's orbital period but there is little difference in the stream.
In this work we also study how close Tuc III passes to the LMC and how the LMC affects the Tuc III stream. In order to do this, we perform a similar procedure on the LMC as we do for Tuc III. Namely, we rewind the LMC from its present position and then evolve it forward to the present. For the LMC we use proper motions of µ α cos δ = 1.91 mas yr −1 , µ δ = 0.229 mas yr −1 from Kallivayalil et al. (2013) , a radial velocity of −262.2 km s −1 from van der Marel et al. (2002), and a distance of 49.97 kpc from Pietrzyński et al. (2013) . These values are taken with no uncertainties in our analysis since their errors are much smaller than the uncertainties in the proper motion of and distance to Tuc III.
Priors and the likelihood
The model contains 4 parameters: the present-day proper motion of Tuc III (µ α cos δ, µ δ ), the heliocentric radial velocity of Tuc III (v r ), and the distance to Tuc III (r TucIII ). For the proper motions, we take a uniform prior over a wide range (−10 mas yr −1 < µ α cos δ < 10 mas yr −1 , −10 mas yr −1 < µ δ < 10 mas yr −1 ). For the radial velocity, we use a Gaussian prior of −101.2 ± 0.5 km s −1 based on the results of Li et al. in prep. For the distance, we use a Gaussian prior of 25 ± 2 kpc based on the measurement in Drlica-Wagner et al. (2015) .
For each generated stream, the likelihood function is defined for the stream track, radial velocity, and distances. The stream is observed from the Sun's location which is assumed to be at (−8.3, 0, 0) kpc. To measure the stream track in the simulation, we mask around the region within 0.25
• of the progenitor (i.e. |Λ| < 0.25) and then perform a linear fit for the stream within 1.65
• of the progenitor (where the stream is observed). This linear fit is of the form
where B 0 is the intercept and m track is the slope of the stream track. This linear fit is then compared against the same fit performed on the observed stream track, accounting for covariance between the slope and intercept of the fit. This gives a log likelihood of
where C, S are the covariance matrices of the fits to the observed and simulated stream track respectively and χ obs , χ sim are vectors containing the slope and intercept of the fits to the observed stream and simulated stream respectively. For the radial velocity, a linear fit is performed to the radial velocity within 1.65
• of the progenitor, masking out the inner 0.25
• . This fit is of the form,
where v r is the radial velocity, v 0 is the intercept, and m vel is the velocity gradient. The gradient is then compared against the radial velocity gradient observed in Li et al. in prep. This gives a loglikelihood of
where σ m,obs , σ m,sim are the uncertainties of the velocity gradients of the observed and simulated streams respectively, and m obs vel , m sim vel are the gradients of the observed and simulated streams respectively. Note that the radial velocity of the progenitor does not appear in the likelihood since it is used in the prior.
These two log-likelihoods are then added to the priors to give the total log-likelihood. Finally, we note that we also have the distance gradient which is used as an independent check on the fits.
Grid search in proper motion
Before fitting the stream, we evaluated the likelihood on a grid in the proper motions of Tuc III, (µ α cos δ, µ δ ). This search is done to check if there are multiple solutions for the proper motions which can match Tuc III to ensure that that the MCMC results represent the best global fit. The proper motions are varied within the prior range, (−10 mas yr −1 < µ α cos δ < 10 mas yr −1 , −10 mas yr −1 < µ δ < 10 mas yr −1 ), in steps of 0.1 mas yr −1 . For this search, the radial velocity and distance are kept fixed at −101.3 km s −1 and 25 kpc respectively. We note that many of these proper motions give orbits which are unbound and do not produce any streams since our model assumes that the stream only disrupts near pericenter. This search reveals that for the chosen potential, there is only one region of proper motion which gives a satisfactory fit. Thus this indicates that the fits described in Section 3.4 are the only solutions for the chosen potential. Note that the results of this grid search are not used in the fits below.
Fitting in the Milky Way potential
The fits are done using emcee (Foreman-Mackey et al. 2013) 2 . The walkers are initialized from the priors with the requirement that the progenitor has a pericenter during the simulated disruption so that a stream is produced. We used 200 walkers and 1000 steps (approximately 40 autocorrelation lengths) with a burn-in of 500 steps. Figure 1 shows the posteriors on the proper motions, radial velocity, and distance. The present-day observations of Tuc III give tight constraints on the proper motion which can be tested with the upcoming Gaia DR2 release. Note that there is a strong degeneracy between µ δ and the distance to Tuc III. This is due to the fact that the stream has an almost constant declination and thus µ δ should be very close to zero once the reflex motion of the Sun is taken into account. Improving the distance errors would dramatically improve the uncertainty in µ δ . Given this near alignment, the proper motion along the stream is roughly µ α cos δ minus the Sun's reflex motion. This proper motion has a much larger uncertainty since it still produces a stream aligned with the Tuc III stream for a wide range of values. Thus, improving the distance errors would give little improvement in the uncertainty of µ α cos δ. Figure 2 shows observables for the best-fit Tuc III stream. The model matches the stream track and radial velocity. However, there is a slight difference in the distance gradient which was not used in the fit. Note that the extent of the simulated stream should not be compared against the observed extent since we are using a fixed age for the disruption. Our technique is only meant to reproduce the stream track and radial velocities of the stream, not to match it entirely. Figure 3 shows the orbit for the best fit to the Tuc III stream. The black curves show the orbit without the LMC and the red curves show the orbit when the LMC is included, which will be discussed in Section 4. We find that the orbit of Tuc III around the MW is extremely radial (confirming the claims in Simon et al. 2017; Shipp et al. 2018) , with an eccentricity of 0.93±0.01. The orbit has a pericenter of 1.8 ± 0.2 kpc and an apocenter of 45 ± 4 kpc (all values are given as the median with 15.9/84.1 percentiles for the errors). The large distance gradient of 0.14 ± 0.05 mag/deg (due to Tuc III's eccentric orbit, Shipp et al. 2018) implies that the ∼5 degree observed length of the tidal arms corresponds to a physical length of 8.4 ± 2.8 kpc at a distance of 25 kpc for the Tuc III progenitor, i.e. we are viewing the stream at an angle of 75 degrees from perpendicular.
Orbit of Tuc III in the Milky Way
The right panel of Figure 3 shows the distance between Tuc Figure 1 . Posteriors for proper motions, radial velocity, and distance of Tuc III for fits in the MW. Crucially, the proper motions are tightly constrained by these fits. Note that there is a strong degeneracy between the distance and µ δ . This is because the stream has an almost constant declination and thus µ δ must be very close to zero once the reflex motion of the Sun is taken into account. There is also a weaker correlation between µ α cos δ and µ δ and between µ α cos δ and the distance to Tuc III. The dashed black lines show the 15.9, 50, and 84.1 percentiles. This figure was made using corner (Foreman-Mackey 2016).
III and the LMC. This indicates that there was a close passage between the LMC and Tuc III in the last 100 Myr. For the case with M LMC = 0, the LMC is evolved as a massless particle so that Tuc III does not feel any force from the LMC. Figure 4 shows the distribution of minimum distances between Tuc III and the LMC, which indicates that Tuc III likely passed within 15.5 ± 2 kpc of the LMC. We note that during this close approach, Tuc III has a large relative velocity, 300 km s −1 , with respect to the LMC. Assuming a relatively light LMC mass of 2 × 10 10 M (based on observations of its rotation curve at 8.7 kpc van der Marel & Kallivayalil 2014), the force from the LMC during this closest approach is roughly 39%, 27% of the force from our Galaxy given the Milky Way potential used in this work (MWPotential2014 from Bovy 2015) and McMillan (2017) respectively. This substantial force during closest approach suggests that the LMC likely has a large effect on Tuc III. This is the subject of Section 4. 
FITTING IN THE PRESENCE OF THE LMC
As mentioned in Section 3.4, the best fits for the Tuc III stream pass within 15 kpc of the LMC in the recent past. Given this close passage, it is natural to ask what effect the LMC has on Tuc III. In this section, we include the LMC in the analysis. Note that we do not perform a fit on the LMC mass, but rather we fit Tuc III using different mass LMCs. The LMC is modeled as a Hernquist profile (Hernquist 1990 ). We use 7 different LMC masses of 2, 5, 10, 15, 20, 25, 30 × 10 10 M with scale radii given in Table 2 . For each mass, we pick the scale radius such that the LMC analogue satisfies the rotation curve measurement of the LMC at 8.7 kpc from van der Marel & Kallivayalil Figure 4 . Probability distribution of the distance of closest approach between Tuc III and the LMC. This shows that Tuc III likely had a close passage within 15.5 ± 2 kpc of the LMC, showing that it is critical to include the effect of the LMC when modelling Tuc III. Note that this figure shows the distance between Tuc III and a massless tracer on the orbit of the LMC so it does not account for the force of the LMC on Tuc III. (2014). Dynamical friction is implemented using the approach of Hashimoto, Funato & Makino (2003) .
Grid search in proper motions in presence of the LMC
Before performing the fit, we first perform a grid search in the proper motions as in Section 3.3. More concretely, we fix the present-day distance to Tuc III at 25 kpc and the radial velocity at -101.2 km s −1 , and do a grid search in µ α cos δ and µ δ . This is done twice, with an LMC mass of 1.5 × 10 11 M and 2.5 × 10 11 M , using the proper motions, distance, and radial velocity for the LMC specified in Section 3.1. This grid search reveals only one locus of solutions with likelihoods similar to the best-fit solutions from Section 3 suggesting that the results presented below are the only solution in the given Milky Way potential plus an LMC.
Fitting Tuc III with the LMC
The fitting works much the same as in Section 3.4 except that now both Tuc III and the LMC are rewound from their current positions, after which Tuc III disrupts in the presence of the MW and the LMC. For each value of the LMC mass we get a constraint on the proper motions, radial velocity, and distance as in Figure 1 . We note that there is no qualitative difference in how the posteriors appear so we do not include a corner plot for any of the fits including the LMC. In Figure 5 we show observables for the best fit to Tuc III when a 2.5 × 10 11 M LMC is included. The observables look similar to the best fit with no LMC (see Fig. 2 ) with the exception of a sharp feature in the stream track at Λ < −3
• . However, given the current observations, there is no way to distinguish these two cases.
To make the comparison between these streams clearer, we show projections of their orbits and the final streams in Figure 6 . The top panels of this figure show the best-fit Tuc III stream in the presence of the Milky Way while the bottom panels show the best-fit stream in the combined presence of the Milky Way and a 2.5 × 10 11 M LMC. The bottom panels also show the most recent segment of the LMC's orbit to show how close it passes to the stream. Crucially, notice that while the stream is aligned with the final segment of the orbit when evolved in just the Milky Way (e.g. top right panel), there is a significant misalignment when the stream is evolved in the presence of the LMC (bottom right panel). On a similar note, although the streams look similar, the orbits are very different. Since the orbit represents the motion of the stream's progenitor, this implies that the velocities of the progenitor should be different in the two cases. Since both streams have the same radial velocity by construction (due to our priors) this implies that the proper motions must be different.
With the stage set, we now explore the proper motion predictions of these models. Figure 7 shows the proper motions predicted for Tuc III with three different mass LMCs. Interestingly, there is a large change in the proper motions, suggesting that it will be possible to see this effect with Gaia DR2 and thus infer the strength of the interaction between Tuc III and the LMC. The main effect of the LMC is to change µ δ ; there is a relatively minor change to µ α cos δ. Fortunately, the direction of µ δ is roughly perpendicular to the stream track since the stream has an almost constant declination. This means that the LMC induces a significant proper motion perpendicular to the stream track. This is because the close passage with the LMC exerts a large torque on the stream that twists the rotates the stream away from its initial orientation as can be seen in Figure 6 3 . To further elucidate this point, we show the proper motions in coordinates aligned with the stream in Figure 8 . In this figure, we have corrected for the Sun's reflex proper motion (using the true distance for each realization) so that the proper motions indicate peculiar motion on the sky. If the LMC has no effect on Tuc III (i.e. M LMC = 0), the proper motions are almost aligned with the stream track. However, if the LMC is massive, there will be a substantial proper motion perpendicular to the stream track. The proper motions along the stream (∆µ Λ cos B) are positive, indicating that the stream is moving towards increasing Λ in these coordinates. Reassuringly, this is consistent with the observed radial velocity in the Galactic Standard of Rest frame (GSR, v Tuc III GSR = −195.2 km s −1 , Li et al. in prep.), which shows that the core is moving towards the Galactic center, and the negative radial velocity gradient, which means that the part of the stream with Λ > 0 • is closer to the Galactic center and hence further along in the direction the stream is moving.
Orbit of Tuc III in the presence of the LMC
Accounting for the effect of the LMC, we find that Tuc III is on a broadly similar orbit to what we found in Section 3.5. Interestingly, the eccentricity depends on the mass of the LMC, decreasing from an eccentricity of 0.95, in the presence of a 10 11 M LMC, to 0.88 and 0.84 with a 2 × 10 11 M LMC and a 3 × 10 11 M LMC respectively (see Fig. 3 ). The least eccentric orbit has a pericenter of 4.8 ± 0.8 kpc, and an apocenter of 54 ± 5 kpc. Furthermore, we find that the orientation of Tuc III's orbital plane also depends on the mass of the LMC. For the more massive LMCs (M LMC 10 11 M ), we find that Tuc III's orbital plane is closely aligned (within ∼ 15
• ) with the direction towards the Galactic anti-center, which is close to the orbital pole of the LMC (e.g. see Fig. 6 ). In the presence of less massive LMCs, we find that the orientation of Tuc III's orbit is closely aligned with the direction towards the Galactic center, i.e. almost the opposite direction. The fact that these significantly different orbits can reproduce the same stream (e.g. Fig. 6 ) is equivalent to the fact that the proper motions of Tuc III depend on the mass of the LMC.
DISCUSSION
Inferring the LMC mass from Tuc III's proper motion
In this work we have shown that the Tuc III stream can be fit in just the Milky Way potential, as well as in the combined presence of the Milky Way and the LMC. Critically, we find that the expected proper motion of Tuc III depends on the LMC mass. In Figure 7 we show this proper motion prediction for the LMC masses considered in this work. In principle, a measurement of the proper motion with Gaia DR2 would then allow us to infer the mass of the LMC. Left to right the panels show the xy, xz, and yz projections of Tuc III's orbit (black line) and of the Tuc III stream (red points). To make the figure more legible, we only show the orbit of Tuc III over the past 1 Gyr. Note that the stream is well aligned with the final segment of the orbit (e.g. top right panel). Bottom panels show the best-fit Tuc III stream in the combined influence of the Milky Way and a 2.5 × 10 11 M LMC. As with the top panels, the black curve shows the orbit of Tuc III and the red dots show the Tuc III stream at the present. The dashed-blue curve shows the orbit of the LMC and the blue point shows the current location of the LMC. Note that the stream is now significantly misaligned with the final segment of the orbit (e.g. bottom right panel). Since the orbit represents the motion of the stream's progenitor, this means that the progenitor velocity in the two cases should be different. Given that we have fixed the progenitor's radial velocity, this implies that the proper motions should be different in the two cases.
the expected precision, accounting for the fact that Gaia DR2 only makes use of 22 months of data. This precision is shown in Figure 7 ,8 and will allow us to measure the effect of the LMC on Tuc III.
We note that the distance uncertainty to Tuc III is the main contributor to the uncertainty in the proper motions (see Fig. 1 ). If the distance errors were significantly reduced, this would give a corresponding improvement in the proper motion prediction. Figure 8 somewhat obscures this since for each realization of the Tuc III stream, we use the actual distance to compute the Sun's reflex proper motion. If we included the uncertainty in the distance, this would give a significantly larger uncertainty in the proper motion perpendicular to the stream, µ B (i.e. the large black error bar in Fig. 8) . Fortunately, 4 RR Lyrae have recently been found in the Tuc III stream which each have a distance error of ∼ 3% (Martínez-Vázquez in prep.). By combining these measurements together, we can get a significantly improved distance to better correct for the Sun's reflex motion and hence measure the misalignment. We assume that the distance error of the combined sample will be 2%. This improved distance uncertainty would reduce the uncertainty of the Sun's reflex proper motion in µ B from roughly 0.17 mas yr −1 (10% distance error) to 0.017 mas yr −1 (2% distance error), which is shown in Figure 8 . Furthermore, since these RR Lyrae are relatively bright (Gaia G ∼ 17.5), they will each have a proper motion uncertainty of ∼ 0.2-0.3 mas yr −1 in Gaia DR2, improving the proper motion estimate for Tuc III (Li et al. in prep) . We leave the analysis with these RR Lyrae for future work.
Accreting Tuc III with the LMC
Given the close interaction of Tuc III with the LMC, it is natural to ask whether Tuc III could have accreted along with the LMC. This possibility was included in Section 4 which found that the Tuc III stream is consistent with a progenitor which has always been Figure 7 . Proper motion predictions for Tuc III assuming various masses for the LMC. The large blue point with error bars on the right shows the uncertainty on Tuc III's proper motion of 0.04 mas yr −1 expected from Gaia DR2 (see Sec. 5.1). This shows that the LMC has the largest effect on µ δ . Interestingly, since the stream has a declination which is roughly constant, this direction is perpendicular to the stream. Thus the presence of the LMC induces a proper motion which is not aligned with the stream orientation. This is better seen in Fig. 8 where the proper motion is given in coordinates aligned with the stream. . Best-fit proper motion prediction for Tuc III in coordinates aligned with the stream versus the LMC mass. Note that we have corrected for the Sun's reflex motion (using the true distance for each realization) from these proper motions and hence denote these as ∆µ Λ cos B and ∆µ B . The blue error bar shows the expected uncertainty on Tuc III's proper motion from Gaia DR2 while the black error bars show the uncertainty in the solar reflex proper motion assuming a 2% and 10% distance uncertainty (see Sec. 5.1 for more on these error bars). While the proper motion in Λ is almost independent of the LMC mass, the proper motion in B depends quite sensitively on it. Thus a measurement of a substantial proper motion in B with Gaia DR2 can be used to infer the mass of the LMC.
disrupting around the Milky Way. However, the technique only allowed for stars to be ejected from Tuc III due to the Milky Way's tidal field. Alternatively, Tuc III could have been tidally disrupting due to the LMC. We explore this possibility by determining the Lagrange points of Tuc III relative to the LMC and stripping particles when Tuc III has a pericenter with respect to the LMC. In this analysis, we also require that Tuc III is bound to the LMC at early times to ensure that Tuc III is physically accreted with the LMC.
We perform a grid search in µ α cos δ and µ δ as in Section 3.3, including a 2 × 10 11 M LMC, but find no fits with likelihoods similar to what was found above. Thus we tentatively conclude that Tuc III is not consistent with having disrupted around the LMC.
Limitations of the analysis
In this work we have assumed a single potential for the Milky Way, namely MWPotential2014 from galpy (Bovy 2015) . While this potential satisfies many of the observed constraints on the Milky Way potential (Bovy 2015) and has been shown to be a good fit to some streams around the Milky Way (Bovy et al. 2016) , our analysis has not accounted for the uncertainties in the Milky Way potential. By testing with other potentials for the Milky Way, namely the best-fit potential in Küpper et al. (2015) , we have found that the prediction of the proper motion will depend on the precise potential used. However, these tests revealed the same close passage with the LMC and the same misaligned proper motions. Thus, the more robust prediction is that if the LMC is as massive as expected, it will cause a substantial misalignment between the stream track and proper motions as shown in Figure 8 . We also stress that in order to use a misaligned proper motion to measure the mass of the LMC, future works will need to marginalize over the uncertainties in the Milky Way potential.
In this work we have ignored the effect of the Small Magellanic Cloud (SMC). The SMC could potentially influence the orbit of the LMC and exert its own tidal force on the Milky Way. Rotation curve measurements using HI have give a mass of 2.4 × 10 9 M within 3 kpc (Stanimirović, Staveley-Smith & Jones 2004) . Of course, this is the mass of the SMC within a small aperture; the peak mass (i.e. including dark matter) of the SMC was much larger than this. However, attempts to model the Magellanic stream have found that the SMC has likely had multiple pericentric passages with the LMC (e.g. Besla et al. 2012 ) so much of the SMC's dark matter has already been stripped. Thus, the SMC should have a relatively minor effect on the LMC's orbit.
Recent works have showed that the Milky Way's bar can affect tidal streams (e.g. Hattori, Erkal & Sanders 2016; Price-Whelan et al. 2016; Erkal, Koposov & Belokurov 2017; Pearson, PriceWhelan & Johnston 2017 ). Since we find that Tuc III ventures very close to the Milky Way center (see Sec. 3.5), we evolve our best-fit Tuc III from Section 3.4 in the presence of the bar to determine its effect. In order to do this, we take the Milky Way potential described in Section 3.1, and replace the bulge with a rotating bar using the analytic model from Long & Murali (1992) . For the bar parameters, we take a mass of 5 × 10 9 M , a length of a = 3 kpc, a width of b = 1 kpc, and a present day orientation of θ 0 = −30
• (as in Hattori, Erkal & Sanders 2016; Erkal, Koposov & Belokurov 2017) . We vary the pattern speed between 0 and −100 km s −1 kpc −1 in steps of 0.1 km s −1 kpc −1 (where negative pattern speeds are prograde with the Milky Way disk), more than encompassing the observed constraints on the pattern speed (e.g. BlandHawthorn & Gerhard 2016). We find that the bar has a small effect on the stream, giving slightly different stream tracks depending on the pattern speed of the bar. Thus, the properties of the bar will also need to be marginalized over in order to measure the LMC mass from the misaligned proper motions.
Effect of LMC on other streams in the Milky Way
The predicted misalignment between the stream track and proper motions should also be seen in any streams which receive a large tidal force from the LMC. Given the orbit of the LMC, we expect that the most affected streams will likely be in the southern Galactic hemisphere, e.g. the 11 streams newly discovered in Shipp et al. (2018) , the Phoenix stream (Balbinot et al. 2016) , the Jet stream (Jethwa et al. 2017) , or the ATLAS stream (Koposov et al. 2014 ). In order to determine which are the most affected, each stream will need to be evolved in the presence of the LMC.
Interestingly, some works have proposed assuming that stream tracks are aligned with their proper motions to measure the Sun's proper motion (Majewski et al. 2006; Malhan & Ibata 2017) . If the significant misalignment predicted for the Tuc III stream is verified, this means that these methods must account for the perturbation of the LMC or only use streams which have received a negligible perturbation (possibly those in the northern Galactic hemisphere).
Effect of Tuc III on the Milky Way disk
Our analysis in Section 3 found that Tuc III is on a very eccentric orbit with a pericenter of ∼ 1.8 kpc. This close passage of Tuc III with the Milky Way could induce perturbations in the inner disk of our Galaxy (Feldmann & Spolyar 2015) . For these perturbations to be significant, Tuc III would have needed a substantial mass of ∼ 10 8 − 10 9 M and hence would have to be a dwarf galaxy. Given the current data, it is difficult to determine whether Tuc III is a globular cluster or a dwarf (see Li et al. in prep) . However, assuming that Tuc III is a dwarf, if Tuc III's recent pericenter was its first approach to the Milky Way (and thus Tuc III still retained the bulk of its dark matter halo) there could be detectable perturbations in the Milky Way center. We note that although we have assumed a disruption age of 3 Gyr, during which our best-fit orbits have experienced multiple pericentric passages (e.g. Fig. 3 ), our model is not designed to determine when Tuc III began disrupting. Instead, it is designed to match the observed stream track (both on the sky and in radial velocity) and can only be used to set a lower bound on the disruption age needed to make a stream at least as long as Tuc III. Thus, Tuc III having only experienced a single pericentric passage about the Milky Way is not ruled out by our fits.
CONCLUSIONS
In this work we have presented the first dynamical stream fits to the Tucana III stream. We stress that this fit assumes a Milky Way potential, namely MWPotential2014 from Bovy (2015) , and gives a prediction of the proper motion of Tuc III. This fit was first done in the presence of only the Milky Way potential which showed that there is a single region of parameter space which gives rise to streams like the Tuc III stream (see Fig. 1 ). By rewinding the LMC along with Tuc III, the best-fit orbit for Tuc III passes within ∼ 15 kpc of the LMC within the last 100 Myr. As such, it is crucial to include the LMC when modelling the Tuc III stream.
Including the effect of the LMC on Tuc III, we find that the best-fit streams are indistinguishable given the current data (compare Fig. 2 and 5) . However, the best-fit proper motions are significantly different (Fig. 7) . This is because the recent close passage with the LMC exerts a large tidal force on the Tuc III stream which substantially twists the stream. This results in a Tuc III stream whose stream track is significantly misaligned with its proper motion (Fig. 8) . Since the proper motion prediction depends on the Milky Way potential, we stress that the misaligned proper motion should be seen as the more robust prediction of this work.
The upcoming Gaia DR2 is expected to revolutionize our understanding of the Milky Way. With astrometric data (sky position, proper motions, and parallax) expected for more than 1.3 billion stars 4 , it should dramatically improve our understanding of the Milky Way's dark matter halo. It will also be of sufficient accuracy to measure the predicted misaligned proper motion of the Tuc III stream. If confirmed, this will be the first direct evidence that the LMC is exerting a substantial perturbation on the Milky Way. Since almost every existing technique for measuring the shape and mass of the Milky Way halo has assumed that the Milky Way is in equilibrium, this perturbation will mean that all of these techniques will need to be revisited. Thus the Tuc III stream may sound the first alarm bells that a precise measurement of the Milky Way halo must account for the LMC.
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